The transposon BuT5 caused two chromosomal inversions fixed in two Drosophila species of the repleta group, D. mojavensis and D. uniseta. BuT5 copies are approximately 1-kb long, lack any coding capacity, and do not resemble any other transposable element (TE). Because of its elusive features, BuT5 has remained unclassified to date. To fully characterize BuT5, we carried out bioinformatic similarity searches in available sequenced genomes, including 21 Drosophila species. Significant hits were only recovered for D. mojavensis genome, where 48 copies were retrieved, 22 of them approximately 1-kb long. Polymerase chain reaction (PCR) and dot blot analyses on 54 Drosophila species showed that BuT5 is homogeneous in size and has a widespread distribution within the repleta group. Thus, BuT5 can be considered as a miniature inverted-repeat TE. A detailed analysis of the BuT5 hits in D. mojavensis revealed three partial copies of a transposon with ends very similar to BuT5 and a P-element-like transposase-encoding region in between. A putatively autonomous copy of this P element was isolated by PCR from D. buzzatii. This copy is 3,386-bp long and possesses a seven-exon gene coding for an 822-aa transposase. Exon-intron boundaries were confirmed by reverse transcriptase-PCR experiments. A phylogenetic tree built with insect P superfamily transposases showed that the D. buzzatii P element belongs to an early diverging lineage within the P-element family. This divergent P element is likely the master transposon mobilizing BuT5. The BuT5/P element partnership probably dates back approximately 16 Ma and is the ultimate responsible for the generation of the two chromosomal inversions in the Drosophila repleta species group.
Introduction
Transposable elements (TEs) are DNA sequences able to proliferate and move to multiple sites in the genome. As a consequence of their mobility, TEs are a source of variation in gene and genome structure as well as size and organization of genomes (Kidwell and Lisch 2002) . Therefore, the study of TEs can shed light on their ability to impact the genomes they inhabit (Kazazian 2004; Jurka et al. 2007; Fedoroff 2012) . TEs that mobilize via an RNA intermediate are classified within class I and those which transpose directly, leaving the donor site, or via a DNA intermediate, within class II (Wicker et al. 2007 ; see also Kapitonov and Jurka 2008) . Class II, or DNA transposons, is divided in two subclasses and subclass 1 comprises two orders, terminal inverted repeat (TIR) and Crypton. Canonical (autonomous) TIR transposons have TIRs and contain usually one (less often two) gene encoding the transposase, the protein that catalyzes their mobilization via a cut-and-paste mechanism. The numerous TIR transposon families have been grouped into 9-19 superfamilies based not only on phylogenetic relationships inferred from the transposase but also on TIR and target site duplication (TSD) features (Jurka et al. 2005 (Jurka et al. , 2007 Feschotte and Pritham 2007; Wicker et al. 2007; Kapitonov and Jurka 2008; Bao et al. 2009; Yuan and Wessler 2011) . The P superfamily comprises three transposons: P element (O'Hare and Rubin 1983) , 1360 (also known as Hoppel or ProtoP) (Kapitonov and Jurka 2003; Reiss et al. 2003) , and Galileo (Marzo et al. 2008) .
The P element is a TIR transposon first discovered in Drosophila melanogaster Rubin et al. 1982) as the cause of the odd phenomenon of P-M hybrid dysgenesis (Kidwell and Novy 1979) . The D. melanogaster P element is not only one of the first eukaryotic TEs to be discovered and molecularly characterized but also one of the most thoroughly studied (Rio 1991 (Rio , 2002 Kidwell 1994; Engels 1996; Pinsker et al. 2001) . The canonical P element of D. melanogaster is 2.9 kb in length and has 31-bp TIRs and a gene with four exons that encodes a 751 residues transposase. It also contains 11-bp sub-TIRs that act as transpositional enhancers and generates 8-bp TSD upon insertion (Rio 2002) .
P-like elements are known to exist in a broad range of taxa, including protozoans such as Trichomona vaginalis ), several Dipterans (Perkins and Howells 1992; Lee et al. 1999; Sarkar et al. 2003) , urochordata such as Ciona intestinalis (Kimbacher et al. 2009 ), and vertebrates (Hammer et al. 2005 ). In addition, P element has been repeatedly domesticated to generate cellular genes (Quesneville et al. 2005) . For instance, the human genome contains 12 THAP-domain containing genes, and one of them (THAP9) has been recently shown to encode an active P-element transposase (Majumdar et al. 2013 ). In Drosophila, P element is widespread within the Sophophora subgenus (Daniels et al. 1990; Hagemann et al. 1992 Hagemann et al. , 1994 Hagemann et al. , 1996a Hagemann et al. , 1996b Clark and Kidwell 1997) but seems much more scarce in the Drosophila subgenus (Loreto et al. 2001 ). An almost complete copy was isolated from D. mediopunctata in the tripunctata species group (Loreto et al. 2001) , whereas relatively short fragments have been amplified by polymerase chain reaction (PCR) in other species of the tripunctata and cardini species groups ). The D. mediopunctata P element is 96.5% identical to that of D. melanogaster, and it has been suggested that it is the result of a horizontal transfer event (Loreto et al. 2001) .
Miniature inverted-repeat TEs (MITEs) are small nonautonomous class II elements of a few dozen to a few hundred base pairs and flanked by TIRs. Their high copy numbers, homogeneous size, and high similarity within MITE families distinguish them from the typical defective nonautonomous transposons, which are usually unique copies (Feschotte et al. 2002; Guermonprez et al. 2008) . Although MITEs were discovered in plants Wessler 1992, 1994) , they have been found in a variety of organisms, including Drosophila (Smit and Riggs 1996; Tu 2000; Holyoake and Kidwell 2003; de Freitas Ortiz et al. 2010) . Some MITEs have been found to be internal deletion derivatives of its autonomous partners and are likely to be mobilized by them (Feschotte and Mouchè s 2000; Zhang et al. 2001) . In other cases, however, MITEs share their terminal sequences with canonical elements, but their internal sequence does not have similarity to the master copy. The origin of these MITEs is obscure; they are the result of either profound changes in the original transposon sequence or the recruitment of unrelated sequences. As nonautonomous elements, MITEs depend on transposases encoded by canonical elements, but surprisingly MITEs can achieve higher copy numbers than their master transposons. The amplification success of MITEs has been attributed to different causes such as their promiscuity binding a range of related transposases, the gain of transposition enhancers, and loss of repressors when compared with autonomous TEs (Yang et al. 2009 ).
BuT5 was first described in the proximal breakpoint of a naturally segregating D. buzzatii inversion and tentatively classified as a class II TE (Cá ceres et al. 2001) . The reported copy was 1,039-bp long with 3-bp TIRs and imperfect 17-bp sub-TIRs and no coding capacity. Subsequently, similar BuT5 copies were observed at the breakpoints of two other polymorphic D. buzzatii inversions (Casals et al. 2003; Delprat et al. 2009 ). The three inversions were caused by ectopic recombination between copies of Galileo, a P-superfamily transposon (Marzo et al. 2008) , and BuT5 was a secondary colonizer of the inversion breakpoints. The secondary colonization of breakpoints in recent polymorphic inversions (Casals et al. 2003; Delprat et al. 2009 ) and the relatively high abundance of BuT5 in different D. buzzatii strains (Casals et al. 2006) indicate current or recent transpositional activity of BuT5 in D. buzzatii. Furthermore, recent works in our group have revealed that BuT5 generated two recently fixed inversions in two repleta group species, 2s in D. mojavensis (Guillé n and Ruiz 2012), and 2x 3 in D. uniseta (Prada 2010) . In both cases, each breakpoint harbors a copy of BuT5 and the exchanged TSDs between copies of the two breakpoints denote ectopic recombination as the generation mechanism ( fig. 1) . Therefore, BuT5 has had a significant role in the chromosomal evolution of the repleta group.
Despite BuT5 significance as a genome reshaping force and its recent transpositional activity, this element has not been classified to date. Consequently, its phylogenetic distribution, how it mobilizes or whether it is a MITE, a deletion derivative of a known DNA transposon, or a new type of TE is still unknown. To fill this gap, our objectives were to 1) study the interspecific distribution of BuT5 using both bioinformatic and experimental methods; 2) isolate a copy of the autonomous element that mobilizes BuT5; and 3) classify BuT5 and its master TE.
Materials and Methods

Bioinformatic Searches
BuT5 bioinformatic searches were carried out using BlastN (Altschul et al. 1997 ) against all National Center for Biotechnology Information (NCBI) available databases (December 2012). Searches were also made using CENSOR tool and TEs deposited in Repbase Update (Jurka et al. 2005) . Default parameters were used in these searches. The first copy described BuT5_1 (Cá ceres et al. 2001) , from D. buzzatii, was used as a query. Basic Local Alignment Search Tool (Blast) results in other species were also used as queries in their genomes, performing species-specific searches. Significance thresholds used to retrieve sequences for analysis were an E value 10 À10 for results from species different of the query and 10 À25 for results from the same species of the query.
Experimental Searches
Primers
BuT5 and P-element primers BL, BR, P3, and P13 were designed based on sequences obtained by bioinformatic searches (from D. buzzatii and D. mojavensis). PriFi (Fredslund et al. 2005 ) was used to find the best regions to place the primers on multiple alignments. The rest of the primers were designed based on D. buzzatii P element (BU-73 strain). All primers were designed with Primer Designer v. S1 , Supplementary Material online) under conditions similar to those described earlier for BL + P13, P3 + BR, and P1 + P15 amplifications. A single band was identified by electrophoresis in a 1% agarose gel. The DNA was cleaned up with the NucleoSpin Extract II Kit, and cloned with the StrataClone Kit (Agilent Technologies). Minipreps of 22 clones were performed with GeneJET Plasmid Miniprep Kit (Thermo Scientific). The plasmids were used as template for PCRs with primers BL and InvR, and the clones that yielded PCR products of different length were sequenced using primers T3 and T7 by Macrogen Inc (Seoul, Korea).
Transposase Gene Exon-Intron Boundaries
Total RNA was extracted from D. buzzatii adult females of strain BU-73 (Berna, Argentina). Forty-five female heads and 90 ovaries were extracted in physiological solution, and RNA was obtained for each part with the High Pure RNA tissue kit (Roche) according to the manufacturer's instructions. Reverse transcriptase (RT)-PCRs were performed with the Transcriptor First-strand cDNA synthesis Kit (Roche) following the manufacturer's instructions. To favor amplification of P element over other transcripts, P-element-specific primers, P15 or P4 (supplementary table S3, Supplementary Material online), were used in two separate retrotranscription reactions. After obtaining the cDNA, five experiments, each one with two nested PCR reactions, were done to increase the amount of specific product. The combination of primers used for these PCR reactions is detailed in supplementary table S3, Supplementary Material online. These amplifications were performed in a volume of 100 ml and using 10 ml of a 1:10 dilution of the previous reaction as template, 2.5 U of DNA Taq polymerase (Roche), 0.02 mM of each dNTP, and 0.20 mM of both primers. Products of the second PCRs were cloned with the StrataClone Kit (Agilent Technologies). Screening analyses were done with Miniprep or PCR (using primers T3 and T7) on 3-47 clones per cloning reaction. Plasmids containing fragments with different electrophoretic mobility were recovered using the GeneJET Plasmid Miniprep Kit (Thermo Scientific) and sequenced by Macrogen Inc (Seoul, Korea) with T3 and T7 primers.
Sequence Analysis
Sequence analysis was performed with Geneious v5.1.3 (Biomatters Ltd.), and alignments were done with MUSCLE (Edgar 2004 ) through Geneious. Search for open reading frames (ORFs) with a minimum size of 100 bp was made with Geneious software. Predicted ORFs were subsequently used in BlastX searches against NCBI nonredundant protein sequences database. Gblocks (Castresana 2000) was used to select the conserved bocks of the alignment of BuT5 sequences over 800 bp, keeping 87% of the original alignment length. To use less stringent condition, parameters were set as follows: minimum number of sequence for a flank position: 44, maximum number of contiguous nonconserved positions: 8, minimum length of a block: 5, and allowed gap position: "with half." MEGA 5 software (Tamura et al. 2011 ) was used to reconstruct BuT5 phylogeny using maximum likelihood method and the best fit model according to jModelTest (Posada 2008) , general time reversible model with a discrete gamma distribution (four discrete categories). Bootstrap test was performed with 1,000 replicates. The phylogeny of the P superfamily transposases was based on 31 putatively complete protein sequences from insects and the human THAP9 (NM_024672) and aligned with MUSCLE. P-like, Galileo, and 1360 sequences were taken from Repbase (Jurka et al. 2005) and Marzo et al. (2008) . The alignment, with 1,192 positions, was used to conduct phylogenetic analyses with neighbor joining and maximum likelihood methods on MEGA 5. Bootstrap test was performed with 1,000 replicates.
P-element transposase gene introns were manually predicted using BlastX and NCBI Conserved Domains search. BlastX alignment of D. buzzatii P-element complete copy with D. bifasciata O-type P-element transposase (AAB31526, E value ¼ 8e-91) revealed discontinuities coincident with stop codons and frameshift mutations. NCBI Conserved Domains search tool (Marchler-Bauer et al. 2011 ) provided information regarding which virtually translated residues were part of transposase domains. BlastN searches were also used to refine the first predictions by comparing the transposase generated with other P-element transposases.
Results
BuT5 Bioinformatic Searches
We carried out BlastN (Altschul et al. 1997) (Jurka et al. 2005) .
Only two other sequences from D. buzzatii had a size similar to that of BuT5-1 (1,039 bp), the rest being fragments less than 800-bp long likely resulting from deletions. The three longest copies have 3-bp TIRs, imperfect (two mismatches) 17-bp sub-TIRs ( fig. 2) , and TSD 8-bp or 9-bp long (Cá ceres et al. 2001; Casals et al. 2003; Delprat et al. 2009 ). Twenty-two out of the 49 BuT5 copies retrieved from the D. mojavensis genome were over 800-bp long (mean þ standard deviation [SD] ¼ 1,017.4 þ 23.2) and had a pairwise identity of 93.2%. Fifteen of them had both 3-bp TIRs, and 14 had 16-bp imperfect (two mismatches) sub-TIRs ( fig. 2) . Seventeen D. mojavensis BuT5 copies were flanked by TSDs: 4 8-bp long and 13 9-bp long (one has two mismatches). The BuT5 consensus sequence of D. mojavensis, built with the 22 longer copies, has 67.3% pairwise identity to the BuT5 consensus sequence of D. buzzatii, built with the three longer copies previously isolated. However, the identity between BuT5 consensuses of both species is higher at the terminal regions ( fig. 2) , where the first 65 bp shows 90.8% identity and the last 32 bp, 90.6%. This suggests that the size and the terminal features of BuT5 are particularly conserved between D. mojavensis and D. buzzatii copies.
BuT5 Experimental Searches
A pair of degenerated primers, BR and BL, was designed to match BuT5 ends, which are conserved between D. buzzatii and D. mojavensis, to increase the chances of successful interspecific amplification. PCR screening was done with 85 DNA samples of 41 species from the Drosophila repleta species group (supplementary table S2, Supplementary Material online). PCR products were cloned and sequenced and 86 clones from 26 species were confirmed as BuT5 copies. However, as the primers were inside the element, some features such as TIRs or TSDs could not be retrieved from these copies. Sequences over 800 bp (61 from 19 species) had a mean size (þSD) of 959.2 bp (þ46.8) that amounts to 1,014.2 bp if the unsequenced element ends are taken into account. To complement the PCR search, a dot blot analysis was carried out with 20 PCR-negative repleta group samples (15 species) plus samples from D. nannoptera and D. wassermani, two species in the cactophilic nannoptera species group (Pitnick and Heed 1994) , and samples from D. buzzatii and 12 species with available genome sequences as controls (supplementary table S2, Supplementary Material online). Dot blot confirmed as negative three species of the repleta group (D. hydei, D. nigrospiracula, and D. pegasa) but yielded positive for the other 12 PCR-negative species. Results were also negative for the two species of the nannoptera group and for all species with sequenced genome except D. mojavensis.
In summary, BuT5 was detected, either by PCR or dot blot, in 38 of the initial 41 species of repleta group, belonging to four of the six described subgroups (samples were not available for subgroups fasciola and inca) ( fig. 3 ). BuT5 is present in most lineages, including the most basal branch of the repleta group (D. eremophila and D. mettleri), estimated to have shared their last common ancestor 16 Ma (Oliveira et al. 2012 ).
Analysis of BuT5 Sequences
As a result of the bioinformatic and experimental searches, we retrieved 86 BuT5 sequences over 800-bp long from 19 species. These were used to build a phylogenetic tree using maximum likelihood methods (fig. 4) . The BuT5 sequence recovered from D. nigricruria was used to root the tree because this species is the most distant one and does not belong to the mulleri, longicornis, or buzzatii complexes. The BuT5 phylogenetic tree ( fig. 4 ) is broadly concordant with that of the host species ( fig. 3 ) and mirrors the relationship between the mulleri, longicornis, and buzzatii complexes (Wasserman 1992; Ruiz and Wasserman 1993; Oliveira et al. 2005 ), yet sequences of the longicornis complex do not form a monophyletic cluster. Consequently, BuT5 has been vertically transmitted, and no clear-cut evidence for horizontal transfer was found.
We estimated the age of the BuT5 copies in D. mojavensis with the formula t ¼ K/r (Kapitonov and Jurka 1996) , where K is the average divergence of the copies from their consensus sequence and r the neutral substitution rate (0.0111 substitutions per bp per Myr; Tamura 2004). For the 22 most complete BuT5 copies isolated from the D. mojavensis genome, K ¼ 0.0267 and t ¼ 2.4 Myr. However, there is evidence for more recent transposition events. For a subset of five closely related copies, K ¼ 0.004 and t ¼ 0.36 Myr.
We searched putative ORFs in all BuT5 copies by several methods. ORF longer than 100 bp showed no similarity to previously described proteins, corroborating that BuT5 has no coding capacity (Cá ceres et al. 2001) . Furthermore, most BuT5 copies had a size similar to that of the original BuT5-1 copy (~1 kb) or were smaller (partial copies). The TIR, lack of coding capacity, abundance, and homogeneous size of BuT5 allow us to consider it tentatively as a MITE.
On the other hand, similarity searches with BuT5 in the D. mojavensis genome revealed two nearby significant hits in scaffold_6541 spaced by approximately 3 kb. When the intervening sequence was explored using BlastX against protein databases, we found a significant similarity to the transposase of P element (O-type) from D. bifasciata (AAB31526.1, amino acid identity 47%, E value: 3e-91). The total sequence, including the terminal segments similar to BuT5, was 3,221-bp long. This sequence was used to search against the D. mojavensis genome with BlastN, finding two other sequences with similarity to the P element (supplementary table S6, Supplementary Material online). The consensus of the three copies has a size of 3,254 bp and shows similarity to the BuT5 ends only (fig. 5) . We hypothesized that this P element could represent the autonomous transposon family mobilizing BuT5. 6 ) generated a 2,583-bp product that covers the central part of the element. Finally, both ends of the P element were isolated by iPCR with primers InvL + InvR ( fig. 6 ). Only one band, approximately 6.3-kb long, was observed. The retrieved sequences overlap 362 bp at the 5 0 -end and 637 bp at the 3 0 -end with the other P-element sequences and are 100% identical to them in the overlapping segments. The complete P element in D. buzzatii is 3,386-bp long and is flanked by 9-bp TSDs (CTAGTAGGT). This P element and D. buzzatii BuT5 consensus sequence show 99% identity over the first 96 bp at the 5 0 -end and 96.5% over the last 260 bp at the 3 0 -end ( fig. 5 ). On the other hand, only one strain of D. mojavensis (G091) was positive for one of the reactions (BL + P13). We built a consensus sequence of 3,260 bp for D. mojavensis P element using the three copies from the sequenced genome (supplementary table S6, Supplementary Material online) and the 2,686-bp sequence recovered by PCR. This consensus sequence has 99% identity to BuT5 D. mojavensis consensus over 98 bp at the 5 0 -end and 90.9% over 263 bp at the 3 0 -end ( fig. 5) . The highly congruent observations in D. buzzatii and D. mojavensis support our hypothesis.
A BlastX search with the D. buzzatii P element against the NCBI protein database corroborated the similarity with D. bifasciata O-type P-element transposase (AAB31526, amino acid identity 34%, E value ¼ 8e-91), but the BlastX alignment showed clear-cut discontinuities. A tentative In both cases, the two elements show high similarity at both ends (green) but no similarity in the interior segment (purple or blue). Red and orange triangles denote the TIRs and sub-TIRs, respectively. manual annotation using BlastX hits and the results of a search against NCBI Conserved Domain Database predicted a transposase-coding gene comprising eight exons and seven introns that encoded a protein of 761 residues. The subsequent expression experiments (see later) corroborated six of the seven introns (but with modifications) and rejected one of them (that keeps the reading frame and does not contain STOP codons). Therefore, the transposase gene of the D. buzzatii P element comprises seven exons and encodes an 822-aa protein.
Expression Analysis
RT-PCR experiments using diverse primers ( fig. 6 ) were carried out to assess the expression of the P element and test the manual annotation of the transposase gene. Ovaries and female heads were used to extract total RNA. Then singlestranded cDNA was generated from the two RNA samples using one of two P-element-specific primers (P4 or P15). Finally, five amplification reactions were performed to amplify several TE fragments enclosing the predicted exon-intron junctions (supplementary table S3, Supplementary Material online). These PCRs were carried out in two consecutive rounds with the primers of the 2nd round designed within the product of the 1st round. PCR products were cloned, and a screening of the clones was performed through PCR or Miniprep. Those clones with a different electrophoretic mobility were sequenced (supplementary table S3, Supplementary Material online).
Positive expression results were produced in heads in four of the five amplification reactions. Two different products, with and without intron 1, were recovered from the first PCR with primers P2 + P4 ( fig. 6 ). In the second PCR with primers P5 + P12, both located in exon-exon junctions, a product with introns 2, 3, 4, 5, and 6 spliced was produced ( fig. 6 ). The third PCR with primers P7 + P12 gave rise to three differently spliced products, one keeping introns 4 and 5, one without introns 4 and 5, and one without intron 4 and a 3 0 alternatively spliced intron 5. The fourth PCR with primers P9 + P12 was negative in heads (but positive in ovaries, see later). Finally, the fifth PCR with primers P11 + P14 gave a single product retaining intron 6.
In ovaries, positive expression results were produced in three of the five amplification reactions. A single product was obtained in the first PCR (P2 + P4) that kept intron 1. For the second PCR (P5 + P12), no products were obtained from ovarian samples. The third PCR (P7 + P12) did not produce any products. In the fourth PCR (P9 + P12), only one product with intron 5 present and intron 6 spliced was obtained. The fourth reaction (P11 + P14), in ovaries, gave rise to two different forms, one retaining exon 6 and the other without this last intron.
In other words, we have detected splicing of all six introns in heads (somatic tissue) but not in ovaries (somatic and germline cells), where only the splicing of the last intron was detected.
Phylogenetic Analysis
To place our D. buzzatii P element in the context of other P elements from Drosophila and other Dipterans, an (bottom) with that of the D. melanogaster canonical P element (top). The exon-intron structure of the D. buzzatii gene was corroborated by RT-PCR experiments using the primers shown below the gene. The structure of the protein is also shown with the DNA-binding THAP domain (Roussigne et al. 2003; Clouaire et al. 2005 ) and the catalytic motives DDE and D (2) alignment was made with the nucleotide sequences of the P-element fragments generated by Clark and Kidwell (1997) and Loreto et al. (2012) . The nucleotide identity between our P element and those previously isolated from Drosophila, Scaptomyza, Lordiphosa, and Lucilia genera is very low, and the alignment was not very reliable. When a phylogenetic tree (not shown) was generated with these sequences, the D. buzzatii P-element branch diverged early and was well separated from all other P-element sequences. Given the high nucleotide divergence observed, we turned to the protein phylogeny to compare our P element with all members of the P superfamily.
The complete 822-aa predicted transposase from the P element of D. buzzatii was used in a phylogenetic analysis that included 30 other P-like transposase sequences from insects (Drosophila, Aedes, Anopheles, Acyrthosiphon, and Scaptomyza genera), and the human THAP9 protein (Majumdar et al. 2013 ) was used as outgroup. The alignment of the 32 transposases is provided in supplementary figure S1, Supplementary Material online. Phylogenetic trees with the same topology were generated both with the neighbor joining method ( fig. 7 ) and the maximum likelihood method (not shown). The tree presents three major monophyletic clades, grouping each of the families described in the P superfamily, namely Galileo, 1360, and P element. The predicted transposase for D. buzzatii falls into the well-supported P family clade, unambiguously placing our TE within this family.
Discussion
A Divergent P Element in the D. repleta Species Group
We have identified and fully characterized a P element in D. buzzatii, a member of the repleta species group of the subgenus Drosophila. This element has also been found (but only partially characterized) in D. mojavensis, another member of the same species group. These two species diverged approximately 12 Ma (Oliveira et al. 2012) suggesting that this transposon is widespread within the repleta group (see later). The P element that we have characterized is very divergent from all the previously detected P elements in Drosophila, but phylogenetic analyses ( fig. 7) indicate that it should be placed in this family rather than in the other two closely related families (1360 and Galileo) of the P superfamily. This finding suggests that P elements may be more widespread within the Drosophila genus than previously thought and have gone undetected in previous bioinformatic or experimental searches due to their divergence from canonical D. melanogaster P element .
The D. buzzatii P element is divergent from other Drosophila P elements in three regards: 1) nucleotide and protein sequence; 2) transposase-encoding gene structure; and 3) expression pattern.
The nucleotide sequence of D. buzzatii P element is quite dissimilar from that of D. melanogaster P element and all the previously described P elements in Drosophila. In DNA transposons, terminal regions bear important features for their mobilization and are accordingly evolutionarily conserved. Drosophila melanogaster P element has TIRs of 31-bp and sub-TIRs of 11-bp (that overlap the THAP-domain-binding sites). The TIRs of P elements in D. bifasciata (M and O types) and Scaptomyza pallida are 31-or 32-bp long, respectively (Hagemann et al. 1994) . Similarly, the TIRs of Anopheles gambiae autonomous P element range from 27 to 31 bp (Quesneville et al. 2006) . In contrast, the D. buzzatii and D. mojavensis P elements have 3-bp TIRs and 16-17 bp sub-TIRs (fig. 2) . The distance between the beginning of the TIR and the end of the sub-TIR in repleta group P elements is 32 bp at the 5 0 -end and 30 bp at the 3 0 -end. Therefore, it seems that this segment is equivalent to the 31 bp of D. melanogaster P-element TIRs. We did not find an equivalent for the D. melanogaster P-element 11-bp sub-TIRs in the repleta group P element.
The D. buzzatii P element encodes a transposase with 822 residues. This transposase shows a 34.8% identity with that of the D. melanogaster P element and comparable identity values with other Drosophila P-element transposases. The highest identity seems to be that with the Aedes aegypti P-1 element transposase (36.9%). These data emphasize the high divergence between the repleta P element and all other described P elements. However, the repleta P-element transposase contains the typical protein domains of P-transposases, N-terminal DNA-binding domain, and C-terminal catalytic domain (fig. 6 ). The D. melanogaster P-element transposase contains a zinc-dependent DNA-binding domain evolutionarily conserved in an array of different cellular proteins and named THAP domain (Roussigne et al. 2003; Clouaire et al. 2005) . It includes a metal-coordinating C2CH signature plus four other residues (P, W, F, and P) that are very conserved as well as eight residues that make contact with the double-helix major groove (M, Y, L, H, N, and Q) and the minor groove (R and R) (Sabogal et al. 2010) . We searched in the D. buzzatii P-element transposase for domains using conserved domains search (Marchler-Bauer et al. 2011) and found a significant match (3.4E-21) with the THAP domain (PF05485) in the N-terminus (positions 1-91) . The D. buzzatii P-element THAP domain contains the eight conserved residues in positions C3, C8, P23, W32, C51, H54, F55, and P82. However, only three of the eight residues that make contact with the double-helix seem to be present (M1, N47, and R72). This is not unexpected because there is variability in the residue composition of the THAP domain (Sabogal et al. 2010 ). The D. buzzatii P-element transposase contains also a putative catalytic domain in the C-terminus with the DDE triad and D(2)H motif (Yuan and Wessler 2011) conserved in positions D313/D386/E610 and D419(2)H422, respectively ( fig. 6 ).
The THAP domain of D. melanogaster P-element transposase can bind to four experimentally verified binding sites within the P-element sequence, two in the 5 0 -end, and two in the 3 0 -end (table 1) . Seemingly, the transposase THAP domain is able to recognize one binding site on each side, whereas the repressor THAP domain can recognize the four THAP-domain-binding sites (Kaufman et al. 1989; Lee et al. 1996) . Because the D. buzzatii transposon belongs to the P-element family, and its transposase encodes a THAP domain, we searched for THAP-domain-binding sites in the P-element terminal regions similar to the consensus for THAPdomain-binding sites (Sabogal et al. 2010) . We found in the D. buzzatii P element two sequences (one on each end) identical to two of the D. melanogaster P-element-binding sites, although they are placed in reverse orientation (table 1) . We did not find any other putative THAP-domain-binding sites, and therefore, if there are other binding sites in the D. buzzatii P element, they must be divergent from the D. melanogaster consensus.
The structure of the transposase encoding gene in the repleta P element is quite unusual, with seven exons (0-6) and six introns (1-6). The transposase-encoding gene in D. melanogaster P element has four exons (0-3) and three introns (IVS1-3). This structure seems conserved in other Drosophila P elements (Haring et al. 1998) . Anopheles gambiae P elements seem to have three or four exons different from those in D. melanogaster (Quesneville et al. 2006) . The locations of the repleta P-element introns along the transposase sequence are different from those of the D. melanogaster P-element introns (i.e., none of them coincide; see fig. 6 ) and also different from those of A. gambiae. Thus, they seem evolutionarily independent. Because Galileo and 1360, the other two members of the P superfamily ( fig. 7) , do not contain introns (Marzo et al. 2008) , it seems reasonable to assume that the ancestor of the P superfamily transposons was an intronless element that has acquired different introns along the several branches of the P-element phylogeny ( fig. 7) . Introns can be acquired via several different mechanisms although "intron duplication" has long been favored as the most likely source of new spliceosomal intron positions (Rodríguez-Trelles et al. 2006) . P-element expression has been extensively studied, and several regulatory mechanisms have been described (for reviews see Rio 1991; Castro and Carareto 2004) . In D. melanogaster, transposase is only produced in the germline. In the somatic tissue, the P-element transcripts are not completely spliced, retaining the third intron (IVS3), which possess a termination codon in the first 9 bp. The resultant truncated protein of 66 kDa acts as a repressor of the transposase excision activity. This form was also found in other species (Haring et al. 1998 ) and proposed to occur irrespective of the P-element type and host species. However, this regulation mechanism, or a similar one based on the retention of specific introns, is not applicable to D. buzzatii P element. Drosophila buzzatii P elements not only have a different exonic structure but we have also detected splicing of all introns in the somatic tissue (head). Thus, seven-exon P element shows differences to the other Drosophila P elements also regarding regulation.
BuT5 Is a MITE Associated with the P Element MITEs are short nonautonomous elements with TIRs, no coding capacity, and capable of reaching high copy numbers in plant genomes (Feschotte et al. 2002) . Similar to nonautonomous elements, MITEs transpose using transposases encoded by autonomous elements. A distinctive feature of MITEs is their homogeneity in size and sequence, which differentiates them from typical nonautonomous elements, which are usually unique defective copies (Guermonprez et al. 2008) . Moreover, some MITEs are not just deletion derivatives of complete transposons and unlike other nonautonomous TEs have internal sequences unrelated to their master copies (Feschotte et al. 2003) . BuT5 is a relatively short repetitive sequence without coding capacity; it has very short TIRs and is flanked by TSDs. Given this and the remarkably high identity between BuT5 and the repleta P element at the 5 0 -and 3 0 -ends and the lack of similarity of the internal sequences ( fig. 5) , it is reasonable to consider BuT5 as a MITE, probably mobilized by the P-element transposase.
The size of BuT5 copies seems fairly homogeneous. In the genome of D. mojavensis, we retrieved 22 BuT5 copies with a mean size of approximately 1 kb and a 93.2% pairwise identity. The rest of copies were smaller and likely to bear partial deletions. The size of BuT5 in D. buzzatii is similar, as it is that of copies isolated from other species of the repleta group (see earlier). BuT5 is also quite abundant. In D. buzzatii, BuT5 was found (using in situ hybridization to polytene chromosomes) to be the most abundant of a set of seven transposons, with a basal density of 10 À2 copies per genome and chromosomal band (Casals et al. 2006) . BuT5 is particularly abundant as secondary colonizer of the inversion breakpoints, indicating that it is (or has been until very recently) transpositionally active (Delprat et al. 2009 ). It is true that these copy numbers are not close to the thousands of MITEs detected in plant genomes (Feschotte et al. 2002) . However, in Drosophila, MITEs are not as abundant as in plants (Holyoake and Kidwell 2003; Dias and Carareto 2011; Depra et al. 2012) , possibly because the genome size is considerably smaller and autonomous TEs are not as abundant either (Bartolomé et al. 2002; Tenaillon et al. 2010) .
The terminal sequences of BuT5 and P element show high nucleotide identity (>90%), whereas their internal sequences do not have any similarity (figs. 2 and 5). Similarity between (Kaufman et al. 1989; Lee et al. 1996; Sabogal et al. 2010 terminal sequences of a transposon and a MITE has been previously found and seemingly indicates that the autonomous element is responsible for the MITE origin and amplification because these sequences are known to be important for transposition (Turcotte et al. 2001; Feschotte et al. 2002 Feschotte et al. , 2003 . Thus, we can hypothesize that the P element is the autonomous transposon responsible for BuT5 mobilization. If BuT5 were mobilized by the P-element transposase, we would expect that it contains THAP-domain-binding sites. We searched for such motifs in the three D. buzzatii BuT5 longest sequences (copies 1, 6, and 9 in supplementary table S4, Supplementary Material online). All three contain in the 3 0 -end an identical sequence and in the 5 0 -end a nearly identical one (one mismatch) to one of the D. melanogaster THAP-domain-binding sites (table 1) . Significantly, in the D. buzzatii P element, the putative 5 0 -THAP-domainbinding site is located in the limit of the segment conserved between BuT5 and P element, whereas the 3 0 -binding site is embedded within the conserved segment ( fig. 5 ). That is, the similarity of BuT5 and P element in the 5 0 -end is lost precisely after the putative THAP-domain-binding site. These observations provide strong support for our hypothesis.
The size of the TSDs is a function of the transposase that catalyzes the element mobilization (Craig 2002) and is one of the key features that characterize each superfamily, yet several superfamilies have variable TSD size (Wicker et al. 2007 ). The D. melanogaster P element generates 8-bp TSDs (O'Hare and Rubin 1983) and the other two families of the P superfamily, 1360 (Kapitonov and Jurka 2003; Reiss et al. 2003) , and Galileo (Cá ceres et al. 1999), generate 7-bp TSDs. In D. melanogaster, the length of P-element TSDs is highly conserved; only 2% of TSDs from natural insertions were not 8-bp long (Liao et al. 2000; Bergman 2008, 2012) . In contrast, a great number of P-element insertions have been studied, and the conservation of the TSDs and target site motives sequence (TSMs), although significant, is low when compared with consensuses for TSDs and TSMs of other TE families.
Two different lengths of BuT5 TSDs (8 and 9 bp) were previously recovered from D. buzzatii (Cá ceres et al. 2001; Delprat et al. 2009 ) and now have been detected flanking highly similar copies in the D. mojavensis genome (4 are 8 bp and 13 are 9 bp). The only P-element copy isolated from D. buzzatii is flanked by 9-bp TSDs (CTAGTAGGT). Although some superfamilies have variable TSD size, each element family usually has a single TSD size. However, there are exceptions. For instance, both the prokaryotic insertion sequence ISRm3 and the maize element Popin show TSDs of 8 or 9-bp (Wheatcroft and Laberge 1991; Rhee et al. 2009 ). We consider the two sizes of TSDs are more likely the product of transposase flexibility in the staggered double-strand break (DSB) rather than the result of crossmobilization events (Yang et al. 2009 ) that would imply the maintenance of BuT5 and two transposases over at least 12 Myr. Because 9-bp TSDs are shared between BuT5 and D. buzzatii P element, we consider these results as consistent with the notion that P element mobilizes BuT5.
Evidence has been provided supporting BuT5 recent mobilization and the implication of P-element transposase in this process. The finding of a putatively complete P-element copy in D. buzzatii that is transcribed and spliced suggests P-element activity. However, an autonomous transposon will need to transpose in the germline, and we found splicing of all six introns in female heads but not in ovaries. This observation does not necessarily imply that P element is not active in D. buzzatii as transposition could be restricted to the male germline or to other developmental stages different from those we studied here. A more thorough expression analysis is required to solve this question.
BuT5 and the P Element, 16 Myr Partnership
We have found that the MITE BuT5 is widespread in the Drosophila repleta species group ( fig. 3 ) and has most likely been vertically transmitted ( fig. 4) . A recent and comprehensive analysis proposed that diversification of the main repleta group lineages occurred approximately 16 Ma (Oliveira et al. 2012) . Therefore, BuT5 would be at least 16 Myr old. In previous works, BuT5 was detected as a secondary colonizer in very recent chromosomal inversion breakpoints (Delprat et al. 2009 ). Additionally, in this work, we have found BuT5 copies from the D. mojavensis sequenced genome with noteworthy similarity (99.3%). Both findings reveal that BuT5 has been recently active in two species that diverged approximately 12 Ma (Oliveira et al. 2012) . Because BuT5 is a nonautonomous element that cannot move by itself but requires the transposase of the P element, we can infer that the P element has been recently active in these two species, D. buzzatii and D. mojavensis. Similarly, the presence and conservation of BuT5 ends in many species of the repleta group indicates a widespread distribution of the P element within this species group. Most likely, the partnership of BuT5 and P-element traces back to at least 16 Ma.
BuT5 has been found to be the transposon directly responsible for inversions 2s in D. mojavensis (Guillé n and Ruiz 2012) and 2x 3 in D. uniseta (Prada 2010 ) that were generated by ectopic recombination between copies inserted in opposite orientation at two chromosomal sites ( fig. 1) . However, BuT5 is a nonautonomous element that does not encode for a transposase and thus requires the P-element transposase for its mobilization. Thus, if BuT5 is the main actor, P element must be considered as a necessary accomplice. P element is not only necessary for BuT5 mobilization, that is, for the insertion of the two BuT5 copies in their chromosomal sites, but it is also likely to have taken part in the ectopic recombination event. Ectopic recombination begins with the generation of a DSB followed by the DNA ends searching for homologous sequences for DSB repair. P-element transpose by a cut-and-paste mechanism that involves the binding of the transposase to the element TIRs and the excision of the element generating a DSB at the donor site followed by the integration of the element into a different chromosomal site (Beall and Rio 1997; Tang et al. 2007 ). Hence, DSBs produced during normal or aberrant transposition events may provide the required initial step for ectopic recombination events.
The P element is well known for its potential to induce chromosomal rearrangements in the laboratory D. melanogaster (Berg et al. 1980; Engels and Preston 1981, 1984; Gray 2000) . In contrast, no direct evidence has been found so far for the generation of natural chromosomal inversions by P elements. None of the eight inversions that are polymorphic in natural populations of D. melanogaster were seemingly generated by TEs (Corbett-Detig et al. 2012) . In D. willistoni, a species with a rich inversion polymorphism, P-element hybridization sites in the polytene chromosomes often coincide with inversion breakpoints (Regner et al. 1996) , but this provides only circumstantial evidence as TEs can be secondary colonizers of inversions breakpoints (Cá ceres et al. 2001; Delprat et al. 2009 ). We have shown that BuT5 and its master transposon P element generated two inversions recently fixed in D. mojavensis and D. uniseta, two species of the repleta group ( fig. 1) . Therefore, this is the first unequivocal demonstration of the role of P elements in Drosophila chromosomal evolution.
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